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Abstract 
Methylation at the N1 site of adenine leads to the formation of cytotoxic 
1-methyladenine (mlA). Since the N1 site of adenine is involved in the hydrogen bonding 
of T A and A.T Watson-Crick base pairs, it is expected that the pairing interactions will be 
disrupted upon 1-methylation. In this study, high-resolution nuclear magnetic resonance 
(NMR) investigations were performed to determine the effect of ml A on double-helical 
deoxyribonucleic acid (DNA) structures. Interestingly, instead of disrupting hydrogen 
bonding, we found that 1-methylation altered the T A Watson-Crick base pair to 
T(anti).mlA(syn) Hoogsteen base pair, providing insights into the observed differences in 
AlkB-repair efficiency between double-stranded DNA (dsDNA) and single-stranded DNA 
(ssDNA). Owing to the feasible conversion of mlA to N6-methyladenine (m6A) via a 
base-catalyzed Dimroth rearrangement at higher temperatures, thermodynamic studies of 
mlA-containing DNAs using conventional optical melting methods or differential scanning 
calorimetry (DSC) are subject to a significant contribution from an uncertain amount of the 
m6A species. In order to obtain reliable thermodynamic results, we applied variable 
temperature NMR experiments to construct the melting curves based on the proton chemical 
shift data and validated the method. Our results show that the destabilizing effect follows 
the order T.mlA ~ G.mlA < A-mlA < C mlA and provide insight for the low mutagenicity 
of ml A and AlkB repair process. 
Some of the results in this thesis have been reported in the following peer-reviewed 
journals: 
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2. Hao Yang and Sik Lok Lam, ‘‘Effect of 1-methyladenine on thermodynamic stabilities of 
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V 
摘 要
腺嘌呤( A) N 1位點甲基化會形成有細胞毒性的1-甲基腺嘌呤(m lA)。因爲A 的N1 
位點參與胸腺嘧啶·腺 嘌 呤 （T·A ) 或者腺嘌呤·胸腺 嘧 啶 （A·T) 沃森一克裏克 
(W a ts on-C rick)配對中的氫鍵，所以之前普遍認爲A 的N 1位點甲基化會破壞氫鍵， 
從而破壞堿基配對。我們在本項目中應用高分辨核磁共振技術硏究m l A 對脱氧核糖核 
酸(DNA)雙螺旋結構的影響。我們發現A 的 1-甲基化會使T·A Watson~ Crick配對轉變 
爲 T(anti)·m lA(syn) Hoogsteen配對，並不會破壞氫鍵。這項發現爲解釋AlkB蛋白修復 
單鏈D N A和雙螺旋D N A中 m lA的不同效率提供了新的思路。m lA在高溫時會發生 
堿催化的Dim roth重排反應而生成N6-甲基腺嘌呤（m 6A)。 所以應用傳統的紫外熱熔 
(UV melting)或者差示掃描量熱(DSC)方法對含有m lA的 D N A進行熱力學硏究得到的 
數據實際上含有m 6 A的貢獻。爲了得到可靠的熱力學數據,我們應用變溫核磁共振實 
驗得到的化學位移資料來建立熱溶曲線並擬合計算出熱力學数据，並且證明了此方法 
的可行性。我們的硏究發現m l A 和四種正常堿基的配對按照以下順序使D N A的不穩 
定性增加：T·m l A~ G ·m lA< A·m l A< C ·m l A , 這項硏究爲瞭解m l A 的低突變性和其 
被 AlkB蛋白修復的過程提供了新的思路。
本論文中的部分結果已經發表在以下經過同行評議的學術期刊上：
1. Hao Yang, Yingqian Zhan, Dickson Fenn, Lai Man Chi and Sik Lok Lam, “Effect o f 
1-methyladenine on double-helical DNA structures,” FEBS Letters, 582 ，1629-1633( 2008)
2. Hao Yang and Sik Lok Lam, “Effect o f 1-methyladenine on thermodynamic stabilities of 
double-helical DNA structures,"  FEBS Letters, 583, 1548-1553(2009)
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Chapter One: Introduction 
1.1 DNA Methylation 
Deoxyribonucleic acid (DNA) methylation is an essential process for normal 
development and functioning of organisms which involves the covalent addition of a methyl 
group to a nucleobase. Traditionally, it has only been considered as cytosine 5-methylation 
in the context of the CpG dinucleotide [1,2] that control gene expression [3], cause genomic 
imprinting [4] and abolish the immune response induced by the CpG motifs flanked by two 
purines and two pyrimidines in the 5' and 3' directions, respectively [5]. Owing to the 
presence of abundant alkylating agents and various mutagenic agents, DNA in living 
organisms is vulnerable to alkylation and this methylation process sometimes becomes 
detrimental to living organisms. 
Besides the C5 site of cytosine, methylation can take place at different positions such 
as N- and 0-sites of nucleobases. Among them, N- and O-methylated bases have been 
found to be more cytotoxic [6-8]. Methylation at the N1 site of adenine leads to the 
formation of 1-methyadenine (mlA) which blocks DNA replication if not repaired [9]. 
Owing to the fact that the N1 site of adenine is involved in the hydrogen bonding of T.A and 
A-T Watson-Crick base pairs (Figure 1.1), it is expected that the base pair structure of DNA 
double-helix will be seriously affected upon 1-methylation. In order to maintain the genetic 
stability and integrity of DNA, appropriate repair of the damaged DNA is crucial to avoid 
mutations and lethal diseases such as cancers [1,10-12]. 
Figure 1.1 Chemical structures of (A) T-A Watson-Crick base pair and (B) 
1-methyladenine (ml A). 
1.2 DNA Methylation Repair 
Recently, a DNA damage reversal enzyme, AlkB, which directly mediates an 
oxidative demethylation of ml A and N3-methylcytosine, has been found to suppress both 
genotoxicity and mutagenesis, providing a new DNA repair pathway [1,9,10,12-16]. 
Although AlkB demethylates ml A both in single-stranded DNA (ssDNA) and 
double-stranded DNA (dsDNA), the repair in dsDNA is 10-fold less efficient than that in 
ssDNA [12]. Studies have also shown a preference of AlkB repair on ssDNA substrate 
over its dsDNA counterpart [17,18]. Recent crystallographic structural studies have 
revealed the AlkB repair mechanism of ml A in both ssDNA [15] and dsDNA [16] in which 
ml A was flipped into the active site of AlkB for repair. Thus the knowledge about 
structures and thermodynamics of ml A in dsDNA are needed to better understand the AlkB 
repair process and the distinct repair preference on ml A in ssDNA over dsDNA. 
1.3 Objectives of This Work 
Recently, mutagenicity studies have revealed that ml A prefers to pair with T over G, 
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mutagenicity remain unclear. To further understand the mutagenicity and repair process of 
ml A in dsDNA, the present study aims to determine the effect of ml A on (i) DNA 
double-helical structures, and (ii) thermodynamic stability of dsDNA using high resolution 
nuclear magnetic resonance (NMR) spectroscopy. 
1.4 DNA Structure 
Basic information of DNA structures is introduced here in order to facilitate the 
understanding of present work. 
1.4.1 Nomenclature Scheme for DNA 
DNA is a biopolymer composed of monomers called deoxyribonucleotides (Figure 1.2) 
joined by phosphodiester bond. Each deoxyribonucleotide contains a deoxyribose, a 
phosphate group and a base. The four kinds of bases in DNA can be classified as purines 
and pyrimidines. Purines include adenine (A) and guanine (G), while pyrinidines include 
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Figure 1.2 Nucleotide structure and representation of torsion angles. 
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Figure 1.3 Chemical structures and atom numbering of bases in DNA [19]. 
1.4.2 Base Pair Scheme 
The most common base pairing modes in DNA is Watson-Crick base pairing (Figure 
1.4) in which C pairs with G and T pairs with A. Besides Watson-Crick base pairs, a 
variety of different stable mismatches have been found in DNA fragments [20]. 
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Figure 1.4 Watson-Crick C.G (left) and T-A (right) base pairs. 
The base orientation relative to the sugar ring is described by the glycosidic torsion 
angle % (Figure 1.2 and Table 1.1) with % equals 180° 土 90�denoted as anti and % equals 0° 
士 90° denoted as syn. 
Table 1.1 Definition of glycosidic torsion angle. 
Torsion angles Atoms involved 
X (pyrimidine) 04，-Cr-Nl-C2 
X (purine) 0 4 ' - C r - N 9 - C 4 
1.4.3 Sugar Conformation 
The sugar conformation (puker) can be described by sugar torsion angles Vq, Vi, V2，V3 
and V4 (Figure 1.2) which are defined in Table 1.2. It can also be defined by the phase 
angle of pseudorotation (P) and the puckering amplitude (vi/J. 
Table 1.2 Definition of sugar torsion angles. 
Torsion angles Atoms involved 
Vo C4'-- 0 4 V C r - C 2 ' 
V] 0 4 ' - -C l ' -C2 ' -C3 ' 
V2 c r - -C2'-C3'-C4' 
V3 C 2 ' - C 3 ' - C 4 ' - 0 4 ' 
V4 C3'--C4，-04’-Cl, 
Two main sugar conformations are commonly observed in DNA: (i) 0° < P < 36� ’ 
denoted as North (N) state and (ii) 1 2 6 ° < P < 2 1 6 ° , denoted as South (S) state. It has been 
calculated that the S-N interconversion barrier is low (8-13 kJ/mol) and the lifetimes of the S 
and N conformers are less than 1 ns [21]. Thus both conformers are in dynamic 
equilibrium in solution and DNA sugar conformation is usually analyzed in terms of the 
fraction population of S and N state. 
1.4.4 Backbone Conformation 
The conformation of the DNA sugar-phosphate backbone is described by torsion 
angles a , p, y, 5, s and (； (Figure 1.2). These torsion angles are defined in Table 1.3. The 
5 
common notation for ranges of torsion angles is cis (c: 0° 士 30°), trans (t: 180° 士 30' 
+gauche (g+: 60° ± 30°) and -gauche (g": - 6 0 � ± 30°). 
Table 1.3 Definition of backbone torsion angles®. 
Torsion angles Atoms involved 
0 3 ’ m - P 广 0 5 V C 5 ’ / 
P 广 05VC5VC4，, 
0 5 V C 5 V C 4 V C 3，/ 
C5VC4VC3， i -03’ / 
C 4 V C 3 V 0 3 V P , + i 
C3，广 0 3 V P , + i - 0 5 V i 
a Atoms designated (i-1) and (i+1) belong to adjacent units of residue i. 
Two primary backbone conformations B, and B„ (Table 1.4) have been observed in 
B-DNA which is the most common form of DNA secondary structures. B! represents the 
low-energy state and Bn represents the other major backbone state [22]. Bi and Bn undergo 
conformational exchange in ps to ns timescale in solution [23], thus the dsDNA backbone 
conformation is usually analyzed in terms of the fraction population of Bi and B,, state. 
Table 1.4 Backbone torsion angles of B! and Bn conformations. 
a P s ^ 
Bi -gauche trans trans -gauche 
Bn -gauche trans -gauche trans 
Chapter Two: Materials and Methods 
2.1 Sample Design 
A reference 17-nt DNA sample was designed to contain a T.A base pair in the middle 
of the double-helical stem region and it was named as "TA-oligo" (Figure 2.1 A). In order 
to simplify the sample preparative work, a 5’-GAA loop was added to one of the terminals to 
connect the two strands of the double-helix. "Tml A-oligo", "Gml A-oligo", 
"AmlA-oligo", and "CmlA-oligo" were prepared by replacing the T.A base pair in 
TA-oligo with a T-mlA, G-mlA, A-mlA, and C-mlA base pair, respectively (Figure 2.IB). 
9 A 
8 G 
7 G 6 A 5 G 4 N 3 c 2 G 1 c 
釋 
B I n 
9 A 
8 G 
7 6 5 4 3 2 
A 
5'-• C G C 1 r G A G 
3 ' - G C G / \ c T C 
17 16 15 1 4 13 12 11 
3 ' - G C G m l A C T C A 
, 0 1(3 15 14 1 3 12 11 ⑴ 
T A - o l i g o h " ^ 二 i g . 。 
^ w h e r e N = T . G , A o r C 
Figure 2.1 Sequence design of (A) TA-oligo, (B) TmlA-, GmlA, Ami A, and 
CmlA-oligo. 
2.2 Sample Preparation 
All DNA samples were synthesized using an Applied Biosystems model 392 DNA 
synthesizer and purified using denaturing polyacrylamide gel electrophoresis (PAGE) and 
diethylaminoethyl Sephace丨 anion exchange column chromatography. For incorporating an 
ml A into the oligomers, 1-methyl deoxyadenosine phosphoramidite (ChemGenes Inc.) was 
used and the base deprotection step was performed at 3 7 � C for 16 h. The necessary use of 
concentrated ammonium hydroxide in the deprotection step caused an unavoidable partial 
ml A — N6-methyladenine (m6A) conversion via a base-catalyzed Dimroth rearrangement 
[9,24]. The ml A and m6A species were separated either by PAGE or using a 
Hewlett-Packard 1100 HPLC system with a Dionex DNAPac PA-100 column and diode 
array detector. The mobile phase was made up of 40% 1.5 M ammonium acetate, 30% 
acetonitrile and 30% deionized water. Isocratic elution was performed at a flow rate of 10 
mL/min. In addition to the ml A species, the m6A species including Tm6A-’ Gm6A-， 
Am6A-，and Cm6A-oligo were also collected. NMR samples were prepared by dissolving 
0.5 i^mol of purified DNA samples into 500 [xL of buffer solution containing 150 mM 
sodium chloride, 10 mM sodium phosphate (pH 7.0), and 0.1 mM 
2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS). 
2.3 UV Optical Melting Study 
UV (ultraviolet) absorbance data at 260 nm were measured versus temperatures from 
25 to 9 5 � C at a heating rate of 0.8 °C/min using a Hewlett-Packard 8453 Diode-Array 
UV-Vis (Ultraviolet-visible) spectrophotometer. The DNA sample concentration was kept 
at 3 nM with 150 mM sodium chloride and 10 mM sodium phosphate (pH 7.0) in 1 mL 
deionized water, and a 10 mm path length cuvette was used. Thermodynamic parameters 
were determined from the melting curves using the software MELTWIN version 3.5 
(available from Jeffrey A. McDowell at www.ineltwin.comi 
2.4 NMR Study 
All NMR experiments were performed using either a Bruker ARX-500 or AV-500 
spectrometer operating at 500.13 MHz and acquired at 25 °C unless stated otherwise. For 
studying labile proton resonance signals, the samples were prepared in a 90% HzO/lO�/�D2O 
buffer solution. One-dimensional (ID) imino spectra were acquired using the water 
suppression by gradient-tailored excitation (WATERGATE) pulse sequence [25,26], and 
two-dimensional (2D) WATERGATE- nuclear Overhauser effect spectroscopy (NOESY) 
experiments were performed with a mixing time of 300 ms. For studying nonlabile 
proton signals, the solvent was exchanged with a 100% D2O buffer solution. 2D NOESY 
(100 and 300 ms mixing time), total correlation spectroscopy (TOCSY) (75 ms mixing time), 
and double quantum filtered - correlation spectroscopy (DQF-COSY) were performed, and 4 
K X 512 data sets were collected. In general, the acquired data were zero-filled to give 4 K 
X 4 K spectra with a cosine window function applied to both dimensions. For DQF-COSY, 
a sine window function was used for vicinal proton-proton coupling measurements. 
Backbone ^'P signals were assigned using 2D TOCSY and heteronuclear single 
quantum coherence spectroscopy (HSQC) experiments. The 'H and ^'P spectral widths of 
the HSQC experiment were set to 10 and 2 ppm, respectively and 2 K x 256 data sets were 
collected. Zero-filling, baseline correction and cosine bell window function were applied to 
generate a 2 K x 2 K data matrix. ^'P chemical shifts were indirectly referenced to DSS using 
the derived nucleus-specific ratio of 0.404808636 [19]. 2D 丨H—�丨P COSY experiments with a 
Gaussian inversion pulse centered at the H3' region were also performed and 2 K x 128 data 
sets were collected. The F! dimension was extended to 180 complex points by forward linear 
prediction and zero-filled to 2 K complex points for ^Jhs-p measurements. 
2.4.1 NMR Melting Study 
ID 'H WATERGATE experiments were performed from 25 to 95 °C at a step of 2.5 
�C and repeated three times for each sample. Melting curves were constructed by plotting 
T12 methyl proton chemical shift values versus temperature. Thermodynamic parameters 
were determined by fitting the melting curves using the software MELT WIN version 3.5. 
2.4.2 Resonance Assignment 
NMR proton resonance assignment methods have been well established [27,28]. 
Aromatic and HI，protons were assigned by the sequential connectivity of intra- and 
inter-nucleotide nuclear Overhauser effects (NOEs) along the DNA strand in the 
H6/H8-H1’ region of the NOESY spectrum (Figure 2.2A). Based on HI ' assignment, 
H2VH2"/H3'/H4' protons could be assigned by through-bond correlations using 
DQF-COSY or TOCSY spectra. Based on H3' assignments, ^'P signals could be assigned 
by their through-bond correlations with H3' in the HSQC spectrum. 
Guanine imino proton (HI) and cytosine amino protons (H41 and H42) in a G C 
Watson-Crick base pair were assigned by G H l - C H41 and C H41/H42-C H5 NOEs in the 
WATERGATE-NOESY spectrum, respectively (Figure 2.3). Thymine imino proton (H3) 
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Figure 2.3 Schematic diagrams showing Watson-Crick base pair T H3 and G HI 





Figure 2.2 Schematic diagrams showing (A) sequential resonance assignment along intra-
and inter-nucleotide NOEs in H6/H8_H1，region indicating (B) that the according protons 
are close in space. 
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2.4.3 Determination of Sugar Conformation 
The sugar conformation can be determined from through-bond coupling constants of 
sugar protons. Calculations indicate 11' ( i r=^J i ' for a S state average structure, 
obtained from X-ray data, is 15.7 Hz while for N state average structure is 9.4 Hz [21]. 
Thus the percentage of S state (%S) can be estimated using Equation 2.1 with the assumption 
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Figure 2.4 Partial HI ’—H27H2，’ region of DQF-COSY spectrum of TA-oligo at 2 5 � C . 
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2.4.4 Determination of Backbone Conformation 
The backbone conformation in terms of Bi and Bn states can be determined from ^Jh3'p 
coupling constants. From the crystal data, the average e torsion angle value for the Bi state 
is -190° (3Jh3’p =1.3 Hz) and for the B„ state is 105�(^Jhs-p =10.0 Hz). The percentage B, 
state (%Bi) can be estimated using Equation 2.2 with the assumption that the measured 
coupling constant represents the weighted average of the coupling constants in the two 
states: 
0 = • - 气 1 0 0 0 / 0 
‘ 1 . 3 - 1 0 . 0 
[Equation 2.2] 
3Jh3’p coupling constants were extracted from the selective i H � i p COSY spectrum 
(Figure 2.5). 
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Figure 3.1 NOE sequential assignment of TA-oligo at 25 °C. 
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NMR Resonance Assignments 
.1.1 TA-oligo Resonance Assignments 
The aromatic and HI, protons were sequentially assigned based on the NOESY 
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Chapter Three: Effect of 1-Methyladenine 
on Double-Helical DNA Structures 
In this chapter, we aimed at investigating the effect of 1-methylation of adenine on 
DNA double-helical structure. High-resolution NMR spectroscopic investigations focusing 
on (i) base pairing mode, (ii) sugar pucker, and (iii) backbone conformation of the 
double-helical stem regions of TmlA-oligo and TA-oligo were performed. 
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Figure 3.2 Imino and amino assignments of TA-oligo. (A) WATERGATE-NOESY 
spectrum was acquired at 25 °C. (B) Imino-imino region of the WATERGATE-NOESY 
spectrum. 
Proton chemical shift values of TA-oligo have been tabulated in Appendix I. 
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The imino and amino protons were assigned using the WATERGATE-NOESY 
spectrum at 2 5 � C (Figure 3.2). 
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Figure 3.3 NOE sequential assignment of TmlA-oligo at 25 °C. 
The imino and amino protons were assigned using the WATERGATE-NOESY 
spectrum at 5 °C (Figure 3.4). 
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3.1.2 TmlA-oligo Resonance Assignments 
The aromatic and HI，protons were sequentially assigned based on the NOESY 
spectrum at 2 5 � C (Figure 3.3). 
A10H2 
m1A14H2 A9I 









C ； c ^
 o q
 P





i 』 H 
B 
•CGC GAG 
J ' -GCGmlACTC 
17 16 15 14 13 12 11 ‘ 
A 9 
T12 G2G15G5 








" Y n f 丄 ; l Y 
M , H 







Figure 3.4 Imino and amino assignments of TmlA-oligo. (A) WATERGATE-NOESY 
spectrum was acquired at 5 °C. (B) Imino-imino region of the WATERGATE-NOESY 
spectrum. (C) H62 and H61 of m 1A14 were assigned by their NOEs with m 1A14 CH3. 
Proton chemical shift values of TmlA-oligo have been tabulated in Appendix II. 
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3.2 DNA Double-Helical Structures upon 1-Methylation of Adenine 
3.2.1 Base Pairing Mode 
C G and T.A Watson-Crick base pairs were formed in the stem regions of TmlA-oligo 
and TA-oligo except the T4-mlA14 base pair. This is evidenced by the appearance and 
chemical shifts of the stem G and T imino signals (Figure 3.2 and 3.4) as well as the 
appearance of G imino-C amino and T imino-A H2 NOEs in their 2D WATERGATE 
NOESY spectra (Figure 3.2A and 3.4A) [29]. On the other hand, for the T4-mlA14 base 
pair, the T4 imino signal appears more upfield than T and G imino signals of Watson-Crick 
base pairs, suggesting T4-mlA14 adopts a special base pairing mode (Figure 3.4). The 
presence of T4 H3-mlA14 H8 (Figure 3.5A) and T4 H3-mlA14 H62 NOEs (Figure 3.5B) 
in the WATERGATE-NOESY spectrum at 5 °C suggest that T4-mlA14 is either a 
Hoogsteen [30] or reverse Hoogsteen base pair [31] (Figure 3.5C). 
To differentiate these two base pairing modes, we estimated the characteristic 
proton-proton distances in Hoogsteen and reverse Hoogsteen base pairs, respectively. Two 
nucleic acid crystal structures containing an A-T Hoogsteen base pair (PDB ID: IRSB) [32] 
and an A.U reverse Hoogsteen base pair (PDB ID: IFQZ) [33] were used. Since A-T 
reverse Hoogsteen base pair is not commonly found in antiparallel DNA duplexes, we made 
use of an RNA A.U base pair and added a methyl group to the C5 position of U using 
SYBYL 7.3 (Tripos Inc.) so as to estimate the distances between thymine methyl protons 
(CH3) and adenine H-bonded amino proton (H62). As these distances were found to be 
4.3-6.0 and 7.0-7.5 A in Hoogsteen and reverse Hoogsteen base pairs, respectively, the 
presence of T4 C H j - m l A U H62 NOE (Figure 3.5D) supports T4-mlA14 adopts the 
18 
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Figure 3.5 (A) T4 H3-mlA14 H8 and (B) T4 H3-mlA14 H62 NOEs were observed in 
the WATERGATE-NOESY spectrum of TmlA-oligo at 5 °C. (C) Schemes of T mlA 
Hoogsteen and reverse Hoogsteen base pairs. Black arrows indicate characteristic NOEs 
across each of the base pairs. (D) A T4 C H s - m l A U H62 NOE was observed in the 
WATERGATE-NOESY spectrum of TmlA-oligo at 5 °C. 
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Hoogsteen pairing mode. In addition, the observed upfield T4 imino chemical shift is also 
consistent with previously observed T imino proton chemical shifts of Hoogsteen base pair 
in DNA duplexes [30,34], confirming T4.mlA14 is a Hoogsteen base pair. Through 
modeling analysis, the observed 2 ppm upfield shift of T4 imino was probably due to the 
change in base stacking around the T4.ml A14 Hoogsteen base pair. 
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1-Methylation of adenine also affects the base orientation. In the stem regions of 
TmlA-oligo and TA-oligo, all bases in Watson-Crick base pairs adopt an anti glycosidic 
orientation with respect to their sugar rings as evidenced by their intranucleotide H8/H6—HI， 
NOEs with intensities weaker than that of cytosine H5-H6 NOEs (Figure 3.1 and 3.3) [29]. 
For bases in a syn orientation, the intranucleotide H8/H6-H1 ‘ distance is -1 .5 A shorter than 
that in the anti orientation and thus a strong NOE is expected [29]. In the T4.mlA14 
Hoogsteen base pair, m l A M possesses a strong H8—HI’ NOE with intensity comparable to 
cytosine H5-H6 NOEs (Figure 3.6)，suggesting that mlA14 adopts the syn orientation. On 
the contrary, the H6-H1，NOE of T4 is relatively weak (Figure 3.6A), suggesting that T4 is 
in the anti orientation. As a result, 1 -methylation of A14 leads to the formation of 
TA(anti) m\A\4{syn) Hoogsteen base pair. 
A B 
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Figure 3.6 NOE crosspeaks of (A) H6/H8—HI，of T4 and ml A14，and (B) H5-H6 o f C l , 
C3，CI 1’ CI3 and CI6. These NOEs were plotted using the same baseline threshold. 2D 
NOESY was performed with a mixing time of 100 ms. 
20 
3.2.2 Sugar Puker 
The effect of 1-methylation of adenine on the sugar pucker was determined by 
extracting the summation (11') of vicinal ^Jhi'h2' and 3Jhi’h2” coupling constants from the 
DQF-COSY spectra at 25 °C. The percentage of S state (%S) [35] of each nucleotide was 
determined using Equation 2.1 and the %S of all nucleotides before and after 1-methylation 
were found to be above 60% (Table 3.1). Apart from T4, which is opposite to mlA14, 
shows a 22% reduction in the %S value, the sugar pucker of all other nucleotides remain 
similar, indicating 1-methylation only has a local effect. 
Table 3.1 S I ' and %S ofTmlA-oligo and TA-oligo^ 
TmlA-oligo TA-oligo 
Nucleotide 11 ' %S s r %S Ao/oSb 
CI 13.5 65 13.5 65 0 
G2 15.6 98 C - -
C3 14.1 75 14.1 75 0 
T4 14.2 76 15.6 98 -22 
G5 15.2 92 15.5 97 -5 
A6 14.7 84 14.8 82 2 
G7 14.9 86 14.7 84 2 
G8 15.5 97 15.5 97 0 
A9 14.8 86 14.8 86 0 
AlO 14.6 82 14.8 86 -4 
C l l 15.3 94 15.1 90 4 
T12 15.2 92 14.9 87 5 
C13 15.4 95 14.8 86 9 
mlA14/A14 14.5 82 14.8 86 -4 
G15 15.6 97 15.5 97 0 
C16 13.5 65 13.5 65 0 
G17 13.7 70 14.1 73 -3 
The coupling constants (in Hz) were measured at 25 °C with a measurement uncertainty of 
士0.2 Hz. 
A%S = %S(Tml A-oligo) - %S(TA-oligo). 
This coupling constant was not measured owing to severe peak overlapping. 
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3.2.3 Backbone Conformation 
To study the effect of 1-methylation of adenine on the double-helical backbone 
conformation, we first examined the ^'P chemical shifts as they have been shown to be 
sensitive to changes in DMA backbone conformation, especially the a and ^ torsion angles 
[22]. The 3ip resonance assignments were shown in the COSY spectra (Figure 3.7). 
Excluding the two most upfield signals that correspond to the phosphates near the loop 
region, the ^'P chemical shifts of both TmlA-oligo and TA-oligo show a narrow dispersion 
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The 3Jh3’p coupling constants were also measured in order to determine the percentage 
population of B丨 conformation (%Bi) by Equation 2.2 [22]. The %Bi values of the 
double-helical stem region vary slightly within -40-60% (Table 3.2)，which agrees well with 
the narrow dispersion of the observed ^'P chemical shifts in both oligomers. Except for the 
phosphate between CI3 and A14 (C13p) in which the %Bi value increased 18% upon 
1-methylation of A14，the differences in the %Bi values of all other nucleotides between the 
two oligomers were less than 7%. This finding was also in agreement with the largest ^'P 
chemical shift difference observed in C13p (Figure 3.7), indicating 1-methylation of adenine 
has only a local effect on the backbone conformation. 
Table 3.2 ^'P chemical shifts, J^h3'p and %Bi of Tml A-oligo and TA-oligo' 
TmlA-oligo TA-oligo 
Nucleotide 5^'P 'H3'P %B, 'JH3.P %B, AS^'P" A%B 
C l p -4.07 6.6 39 -4.04 6.4 41 -0.03 -2 
G2p -4.12 5.7 49 -4.17 6.2 44 0.05 5 
C3p -4.40 5.0 57 -4.28 4.8 60 -0.12 -3 
T4p -4.25 6.1 45 -4.05 5.6 51 -0.20 -6 
G5p -4.10 5.3 54 -4.02 5.7 49 -0.08 5 
A6p -4.21 5.1 56 -4.19 5.2 55 -0.02 1 
G7p -4.96 6.2 44 -4.97 6.3 43 0.01 1 
G8p -4.26 5.1 56 -4.26 5.0 57 0 -1 
A9p -4.38 6.9 36 -4.38 6.7 38 0 -2 
AlOp -4.91 6.7 38 -4.91 6.7 38 0 0 
C l i p -3.77 6.4 41 -3.72 6.8 37 -0.05 4 
T12p -4.30 5.0 57 -4.28 5.2 55 -0.02 2 
C13p -4.39 4.4 64 -3.75 6.0 46 -0.64 18 
mlA14p/A14p -4.24 5.3 54 -4.20 5.3 54 -0.04 0 
G15p -3.85 5.9 47 -3.92 5.9 47 0.07 0 
C16p -3.97 5.2 55 -3.97 5.4 53 0 -2 
The chemical shifts (in ppm) and coupling constants 
measurement uncertainty of 士0.01 ppm and 土0.2 Hz, 
b A53ip = 53ip(TmlA-oligo) - 5^'P(TA-oligo). 
c A%Bi= %Bi(Tml A-oligo) - %B,(TA-oligo). 




In short, 1-methylation of adenine causes a change of T-A Watson-Crick base pair in 
DNA double-helices to T.mlA Hoogsteen base pair. Instead of the anti base orientation in 
Watson-Crick base pair, ml A adopts a syn orientation in Hoogsteen base pair. Although 
ml A has a local effect on both the sugar pucker and backbone conformation, 1-methylation 
of adenine does not disrupt base pairing but just switches the base pairing mode. The 
formation of Hoogsteen base pair retains the T.mlA base pairing and stacking within the 
double-helix, which possibly makes the recognition and thus the repair of ml A lesion in 
dsDNA by AlkB less efficient than that in ssDNA [12]. 
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Chapter Four: Effect of 1-Methyladenine 
on Double-Helical DNA Stabilities 
Through investigating the effect of ml A on dsDNA structures, we have shown that 
1-methylation of adenine causes a switch of T{anti)'K{anti) Watson-Crick base pair to 
T{antiym\k{syn) Hoogsteen base pair. This formation of Hoogsteen base pair may affect 
the base flipping efficiency, providing structural insights into the ml A flipping process in 
dsDNA and enhancing our understanding of the AlkB repair process. In order to better 
understand the ml A flipping process, thermodynamic studies of ml A in dsDNA are needed. 
However, due to the feasible ml A — m6A conversion at higher temperatures via Dimroth 
rearrangement [9,24], thermodynamic results from conventional melting methods such as 
UV melting or differential scanning calorimetry (DSC) are subject to the influence of m6A 
species, and thus the effect of ml A on the thermodynamic stability of dsDNA remains 
elusive. 
Besides, mutagenicity studies have revealed that ml A prefers to pair with T than G, A, 
and C [9]. Yet the underlying reasons leading to such observed mutagenicity remain 
unclear. To further understand the mutagenicity and flipping process of ml A in dsDNA, 
the study in this chapter aims to (i) determine the effect of ml A on the thermodynamic 
stability of dsDNA, and (ii) rationalize the thermodynamic results through investigating and 
comparing the base pairing modes of G-mlA, A-mlA, and C.mlA with T.mlA using high 
resolution NMR spectroscopy. 
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4.1 Thermodynamic Studies 
4.1.1 Influence of m6A on UV Melting Studies 
To determine the influence resulting from the ml A —> m6A conversion, we have 
performed UV melting studies of TA-, TmlA- and Tm6A-oligo, starting from 25 to 95 °C 
and then back to 25 at a step of 0.8 ®C and 1 min hold time at each temperature. Such a 
melting cycle, including both the heat up and cool down periods, took ~8 h. For TA- and 
Tm6A-oligo, both the melting temperatures ( T J extracted from the heating and cooling 
curves were very similar ( � 0 . 1 °C difference) whereas a significant difference of ~5 °C was 
observed for those of Tml A-oligo (Table 4.1). 
Table 4.1 Thermodynamics of TA-, Tm 1 A- and Tm6A-oligo by UV melting' 
Oligomer Tm，°C AH。，kcal mol-i AS。，cal K- 'mor ' AG°37, kcal mol'' 
TA-oligo 
Heating 77.0 (0.2) -53.1 (1.0) -151.8(2.9) -6.1 (0.1) 
Cooling 76.9 (<0.1) -51.2 (0.7) -146.1 (2.1) -5.8(0.1) 
TmlA-oligo 
Heating 66.3 (<0.1) -48.0 (0.5) -141.3(1.4) -4.1 (<0.1) 
Cooling 71.0 (0.2) -41.7(1.0) -121.3 (2.8) -4.1 (0.1) 
Tm6A-oligo 
Heating 73.7 (0.1) -49.8(1.1) -143.6 (3.1) -5.3 (0.1) 
Cooling 73.9 (0.1) -47.7(1.9) -137.4 (5.5) -5.1 (0.2) 
a UV melting experiments were repeated at least three times for each sample. The average 
values are shown with the standard deviations in parentheses. "Heating" and "Cooling" 
refer to curve fitting results based on the temperature profiles from 25 to 95 °C and from 95 
to 25�C，respectively. The absorbance data at 260 nm were used. 
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Figure 4.1 HPLC chromatograms showing TmlA-oligo (A) before and (B) after the 
melting study. The absorbance data at 260 nm was used and the retention time of 
mlA-oligo was � 1 3 min. The peak at - 1 7 min showed that some ml A were converted to 
m6A. The peak area ratio of mlA:m6A was � 1 : 1 . 
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We believe this difference was due to the presence of m6A species resulted from 
Dimroth rearrangement in TmlA-oligo at higher temperatures, switching T.ml A Hoogsteen 
base pair to T-m6A Watson-Crick base pair. To verify this, we desalted the sample after a 
UV melting cycle and performed HPLC analysis. The resulting chromatogram shows a 
total of -50% of ml A was converted to m6A in a melting cycle (Figure 4.1). For the m6A 
species, NMR analysis shows the T4 imino proton shifted downfield to � 1 4 ppm, suggesting 
T.ml A Hoogsteen base pair was switched to T-m6A Watson-Crick base pair when ml A was 
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Figure 4.2 Imino proton spectra of (A) Tm 1 A- and (B) Tm6A-oligo at 25 °C. 
4.1.2 Thermodynamics by NMR Melting Studies 
In order to obtain reliable thermodynamic results, we attempted to use variable 
temperature ID 'H NMR experiments to construct the melting curves based on proton 
chemical shift data. To validate this method, we measured the Tm values ofTA-oligo using 
four well resolved signals, namely, T12 methyl, T12 H6, T4 H6 and CI3 H5. The Tm 
values were all found to be � 7 7 - 7 9 °C (Table 4.2)，which agree well with the value of � 7 7 
®C as obtained from UV melting study (Table 4.1). The similar Tm values obtained from 
these various nucleotide positions also suggest the melting process is cooperative. 
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Table 4.2 Thermodynamics of TA-oligo by NMR melting® 
Oligomer T °C 
1 m，^ 
AH�’ kcal mol-i AS。，cal K"' mol-i AG°37, kcal mor ' 
TA-oligo 
TA (T12 CHa) 78.5 (0.5) -54.2 (0.2) -154.2 (0.7) -6.4 (<0.1) 
TA (T12H6) 79.0 (0.7) -57.0 (0.9) -161.8(2.7) -6.8(0.1) 
TA (T4 H6) 78.8 (0.3) -58.7 (0.9) -166.8(2.6) -7.0 (0.1) 
TA (C13H5) 77.3 (0.2) -73.0 (7.2) -208.4 (20.6) -8.4 (0.8) 
a NMR melting experiments were repeated at least three times for each sample. The average 
values are shown with the standard deviations in parentheses. "Heating" and "Cooling" 
refer to curve fitting results based on the temperature profiles from 25 to 9 5 � C and from 95 
to 25 °C, respectively. 
To determine the effect of ml A on the thermodynamics of dsDNA, we decided to 
construct the melting curves using the chemical shifts of T12 methyl proton signals because 
(i) the methyl proton region was less crowded and (ii) the two resolved T12 methyl protons 
of the ml A and m6A species allow us to study the melting behavior of both species 
independently (Figure 4.3). The Tm values and thermodynamic parameters of ml A and 
m6A species extracted from these melting curves (Figure 4.4) were summarized in Table 4.3. 
Upon methylation at the N1 site of adenine, the T^ value was reduced by - 1 0 °C but was 
reduced by only � 3 °C for methylation at the N6 site. This demonstrates that mlA —»• m6A 
conversion in TmlA-oilgo will affect the reliability of thermodynamics extracted from 
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Figure 4.3 Variable temperature ID NMR spectra of (A) TmlA-，(B) GmlA-, (C) 
AmlA", and (D) CmlA-oligo. The T12 methyl proton signals from the ml A and m6A 
species were resolved at several temperatures, allowing the traces of their melting profiles. 
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Table 4.3 Effect of m l A and m6A on thermodynamics of dsDNA^ 
Oligomer T °C 1 ITU ^ AH� , kcal mol"' AS。，cal K.i mol—i AG�37’ kcal mol"' 
TA 78.5 (0.5) -54.2 (0.2) -154.2 (0.7) -6.4 (<0.1) 
m l A soecies 
TmlA 68.3 (0.2) -52.1 (0.7) -152.5 (2.0) -4.8 (0.1) 
GmlA 68.5 (0.4) -50.0(1.2) -146.3 (3.6) -4.6 (0.1) 
A m l A 64.6 (0.5) -45.4 (0.6) -134.5 (2.0) -3.7 (<0.l) 
C m l A 61.2 (0.2) -45.3(1.1) -135.5 (3.3) -3.3 (0.1) 
m6A soecies 
Tm6A 75.2 (0.3) -52.7(1.9) -151.3 (5.7) -5.8 (0.2) 
Gm6A 68.5 (0.5) -49.6(1.6) -145.2 (4.8) -4.6 (0.1) 
Am6A 64.6 (0.5) -48.5 (0.5) -143.5(1.6) -4.0 (<0.1) 
Cm6A 60.8(0.1) -41.8 (0.5) -125.2(1.4) -3.0 (<0.1) 
a The results were based on fitting the melting curves (T12 methyl proton chemical shift versus 
temperature) using software MELTWIN 3.5. ID NMR experiments were repeated three 
times for each sample from 25 to 95 °C at a step of 2.5 °C. The average values were shown 
with the standard deviations in parentheses. 
From Table 4.3, comparing with TA-oligo, both T-mlA and G-mlA show a similar 
destabilizing effect on thermodynamic stability of dsDNA whereas such effect is more 
prominent from A.mlA and C-mlA. In order to rationalize the observed destabilizing trend, 
we decided to further investigate the base pairing modes of G-mlA, A-mlA and C-mlA. 
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4.2 NMR Structural Studies on GmlA-, AmlA- and CmlA-oligo 
4.2.1 GmlA-oligo 
4.2.1.1 GmlA-oligo Resonance Assignments 
The aromatic and HI ' protons were sequentially assigned based on a NOESY 
spectrum at 25 °C (Figure 4.5). 
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Figure 4.5 NOE sequential assignment of GmlA-oligo at 25 °C. 
ppm 
The imino and amino protons were assigned using a WATERGATE-NOESY spectrum 
at 0 °C (Figure 4.6). 
3 3 
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p p m 
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13.5 13.0 12.5 ppm 
Figure 4.6 Imino and amino assignments of Gml A-oligo. (A) WATERGATE-NOESY 
spectrum was acquired at 0 °C. (B) Imino-imino region of the WATERGATE-NOESY 
spectrum. 
Proton chemical shift values of Gml A-oligo have been tabulated in Appendix III. 
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4.2.1.2 Base Pair Structures of GmlA-oligo 
Except G4.mlA14 base pair, C G and T.A Watson-Crick base pairs were formed in 
the stem region of GmlA-oligo which is evidenced by the appearance and chemical shifts of 
the stem G and T imino signals (Figure 4.6) as well as the appearance of G imino-C amino 
and T imino-A H2 NOEs in their WATERGATE-NOESY spectrum (Figure 4.6A). 
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Figure 4.7 (A) Proposed base pairing mode of G.mlA in GmlA-oligo. Observable 
NOEs were indicated by arrows. (B) These NOEs were found in the 
WATERGATE-NOESY spectrum at 0 °C and a mixing time of 300 ms. (C) The 
appearance of G4 HI, and mlA14 H62 and H61 in the ID WATERGATE 'H spectra at 
lower temperatures supports the proposed base pairing mode. (D) The glycosidic 
orientation of G4(anti)-m\A\A(syn) was evidenced by the relative intranucleotide NOE 
intensities. 
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For G-ml A base pair, we found it adopted a 1 A(syn) base pairing mode 
involving two hydrogen bonds (Figure 4.7A) as evidenced by the characteristic G4 
HI—ml A14 H8 NOE (Figure 4.7B, i), and the appearance of G4 imino and two mlA14 
amino signals (Figure 4.7C). The assignment of the two amino signals was based on their 
characteristic NOEs with ml A14 CH3 (Figure 4.7B, ii and iii), with the more downfield one 
being assigned to hydrogen bonded mlA14 H62. Compared with CI3 H5-H6 NOE, the 
H8-H1 ‘ NOE was much weaker in G4 but similar in mlA14, revealing the G4{anti) and 
mlA14(57«) glycosidic orientations (Figure 4.7D). 
For this ACs>;«) base pair, the expected G4 Hl -mlA14 H62 NOE was not 
observed even at 0 °C. This was probably because G4 imino and ml AM amino proton 
signals were much weaker and broader than those of T4 and ml A14 in TmlA-oligo (Figure 
4.8)，suggesting the hydrogen bonds in 1 A(«s>7i) were weaker than those in 
T{anti)'m\A(syn) Hoogsteen base pair. However, the observed destabilizing effect of 
G.mlA and T-mlA was similar, probably because the planar bicyclic ring of G in 
G(anti)'m\A{syn) provides larger stacking surface and thus better stacking interactions than 
the monocyclic ring of T in T(anti)'m\ A(syn) [36]. 
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Figure 4.8 Comparison of the iminos and mlA14 aminos ID WATERGATE spectra 
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Figure 4.9 NOE sequential assignment of Am 1 A-oligo at 25 °C. 
The imino and amino protons were assigned using a WATERGATE-NOESY spectrum 
1 5 � C (Figure 4.10). 
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4.2.2 AmlA-oIigo 
4.2.2.1 Ami A-oligo Resonance Assignments 
The aromatic and HI ' protons were sequentially assigned based on a NOESY 
spectrum at 25 (Figure 4.9). 
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Figure 4.10 Imino and amino assignments of AmlA-oligo. (A) WATERGATE-NOESY 
spectrum was acquired at 15 °C. (B) Imino-imino region of the WATERGATE-NOESY 
spectrum. 
Proton chemical shift values of AmlA-oligo have been tabulated in Appendix IV. 
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4.2.2.2 Base Pair Structures of AmlA-oligo 
Except A4.mlA14 base pair, C G and T-A Watson-Crick base pairs were formed in 
the stem region of AmlA-oligo which is evidenced by the appearance and chemical shifts of 
the stem G and T imino signals (Figure 4.10) as well as the appearance of G imino-C amino 
and T imino-A H2 NOEs in their WATERGATE-NOESY spectrum (Figure 4.1 OA). 
For A-mlA, a single hydrogen-bonded A(<2«").mlAO少�) base pair was found to be in 
equilibrium between two conformations in AmlA-oligo (Figure 4.11 A). This was 
supported by the appearance of (i) ml A14 H62 which was assigned by mlA14 H62-CH3 
NOE (Figure 4.1 IB), (ii) A4 H61 which was assigned by its NOEs with the neighboring C3 
and C13 amino protons (Figure 4.1 IC), and (iii) an NOE between A4 H2 and mlA14 H8 
(Figure 4.1 ID). NOEs were observed between A4 H61 and C3/C13 amino protons but not 
between mlA14 H62 and C3/C13 amino protons probably because the exchange rate 
between ml A14 H62 and water is much faster than that between A4 H61 and water. This 
is evidenced by the appearance of A4 H61 at 25 °C in the ID WATERGATE spectrum but 
m l A M H62 at 5 °C (Figure 4.12). 
The glycosidic A4(anti) and mlAUC^;；^) orientations were supported by the relative 
intensities of A4 and mlA14 HS-HT NOEs (Figure 4.1 IE). Since only one set of 
resonance signals was observed (Figure 4.9), we believe the two A(antiym\A{syn) 
conformations underwent rapid exchange and therefore the internucleotide A4 H2-mlA14 
H62 and A4 H61-mlA14 H8 NOEs were not observed even at 0 � C . Owing to this 
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Figure 4.11 (A) Proposed base pairing modes of A-mlA in AmIA-oligo. These pairing 
modes were supported by (B) mlA14 H62-mlA14 CH3 NOE at 0 � C ’ (C) A4 H61-C3/C13 
aminos NOEs and (D) A4 H2-mlA14 H8 NOEs at 1 0 � C . (E) The glycosidic orientation of 
A4(anti)-m\A\4(syn) was evidenced by the relative intranucleotide NOE intensities. 
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p i 
downfield than that of normal adenine bonded aminos (~7-8 ppm) [37] because the observed 
chemical shift was the weighted average of a bonded amino (Figure 4.1 lA, right conformer) 
and a free amino (Figure 4.1 lA, left conformer). Similarly, the chemical shift of ml AM 
H62 (-8.7 ppm) was also affected by this conformational exchange process and thus being 
less downfield than that of ml A in T m l A Hoogsteen base pair (-9.5 ppm) and G m l A 
mispair (-10.1 ppm). The broadened A4 H2 peak at lower temperatures also supports the 
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Figure 4.13 Exchange broadening of A4 H2 was observed at lower temperatures. 
In fact, such exchange of single hydrogen-bonded conformations have also been 
characterized in a DNA double-helix containing an A.A mismatch [38], with both adenines 
adopting the anti glycosidic orientation. Unlike the pairing modes ofT{antiym\A{syn) and 
G{anti)-m\A{syn) in which two hydrogen bonds are present, the single hydrogen-bonded 
base pairing mode in A{antiym\A{syn) probably accounts for the observed larger 
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Figure 4.14 NOE sequential assignment of Cm 1 A-oligo at 25 °C. 
The imino and amino protons were assigned using a WATERGATE-NOESY spectrum 
15 °C (Figure 4.15). 
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4.2.3 CmlA-oligo 
4.2.3.1 CmlA-oligo Resonance Assignments 
The aromatic and HI’ protons were sequentially assigned based on a NOESY 
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Figure 4.15 Imino and amino assignments of CmlA-oligo. (A) WATERGATE-NOESY 
spectrum was acquired at 15 °C. (B) Imino-imino region of the WATERGATE-NOESY 
spectrum. 
Proton chemical shift values of CmlA-oligo have been tabulated in Appendix V. 
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4.2.3.2 Base Pair Structures of CmlA-oligo 
Except C4.mlA14 base pair, C.G and T.A Watson-Crick base pairs were formed in 
the stem region of Ami A-oligo which is evidenced by the appearance and chemical shifts of 
the stem G and T imino signals (Figure 4.15) as well as the appearance of G imino-C amino 
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Figure 4.16 (A) The glycosidic orientation of CA(anti)-m\A.\A(anti) was evidenced by the 
relative intranucleotide NOE intensities. (B) Methylation at the N1 site of m 1A14 does not 
favor the two possible pairing modes for C.A mismatch. 
In CmlA-oligo, C4 and mlA14 amino protons were not observed even at lower 
temperatures, suggesting no favorable pairing interactions were present between C4 and 
m 1A14. Both C4 H6-H1' and m 1A14 H8-H1' NOEs were found to be much weaker than 
C13 H5-H6 NOE, revealing C4 and ml A14 adopted the anti glycosidic orientation (Figure 
4.16A). Based on previous NMR and molecular dynamics results [39,40], two possible 
single hydrogen-bonded base pairing modes, although not very stable, have been proposed 
for C{anti)'\{anti) base pair (Figure 4.16B). However, in CmlA-oligo, such single 
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hydrogen-bonded interactions between C and ml A seem to be unfavorable due to the steric 
effect of the methyl group at the N1 site of adenine. Thereby, it is not likely that favorable 
pairing interactions would exist in C{ant\)-m\K{anti) base pair, which accounts for the 
observed largest destabilizing effect in dsDNA. 
4.3 Summary 
In summary, we have successfully used NMR spectroscopy to reliably determine the 
relative destabilizing effect of base pairs involving ml A on dsDNA, which follows the order: 
T.mlA ~ G-mlA < A.mlA < C.mlA. From our investigations, both T(an")TnlAO_y/z) 
Hoogsteen and G{antiym\A{syn) base pairs contain two hydrogen bonds and their base 
pairing modes are similar. A{anti)-m\A(syn) undergoes rapid exchange between two single 
hydrogen-bonded conformations. No favorable pairing interactions have been observed in 
Cianti)-m\A{anti) base pair. These structural findings well rationalize the above 
destabilizing trend of ml A. The thermodynamic results provide us insights into the ml A 
flipping process in dsDNA and enhance our understandings of the mutagenicity of ml A in 
DNA replication. 
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Chapter Five: Conclusions and Future Works 
In this study, high-resolution NMR investigations were performed to determine the 
effect of mlA on double-helical DNA structures. Interestingly, instead of disrupting 
hydrogen bonding, we found that 1-methylation altered the T-A Watson-Crick base pair to 
T(anti)-m\A{syn) Hoogsteen base pair, providing insights into the observed differences in 
AlkB-repair efficiency between dsDNA and ssDNA. 
We also applied NMR spectroscopy to determine the base pairing modes and effect of 
ml A on thermodynamic stability of double-helical DNA. The observed base pairing modes 
account for the destabilizing trend which follows the order T-mlA � G . m l A < A-mlA < 
C.mlA，providing insights into the ml A flipping process and enhancing our understandings 
of the mutagenicity of ml A. 
We are in the progress to determine the structural features of other N-methylated base 
lesions. Further structural findings will enhance our understandings of the mutagencity and 
DNA repair process. 
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Appendix II: Proton chemical shift values of TmlA-oligo*" 
Nucleotide H2/H5/H7 H6/H8 H I ' H2' H2' H3' 































































































The chemical shifts (in ppm) were measured at 25 °C with an uncertainty of 土0.002 ppm. 
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Appendix II: Proton chemical shift values of TmlA-oligo*" 



















5.910 7.662 5.805 2.042 2.458 4.721 
7.994 5.965 2.717 2.796 5.001 
5.426 7.508 6.079 2.142 2.598 4.827 
1.631 7.175 5.682 1.523 2.136 4.800 
7.988 5.435 2.771 2.771 4.987 
7.821 7.902 6.025 2.312 2.657 4.986 
6.955 5.594 1.735 2.098 4.816 
7.982 4.993 2.654 2.446 4.840 
8.075 8.056 5.879 2.258 2.258 4.570 
8.044 8.047 6.278 3.089 2.956 4.831 
5.850 7.680 5.588 2.228 2.321 4.784 
1.622 7.405 6.082 2.191 2.490 4.903 
5.652 7.496 5.910 1.877 2.503 4.850 
8.519 7.755 5.877 2.473 2.336 5.042 
7.888 5.658 2.670 2.593 4.955 
5.388 7.326 5.828 1.878 2.347 4.773 
7.926 6.158 2.599 2.372 4.661 
The chemical shifts (in ppm) were measured at 25 °C with an uncertainty of 士0.002 ppm. 
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Appendix II: Proton chemical shift values of TmlA-oligo*" 





























7.659 5.779 2.031 2.435 4.715 
7.980 5.932 2.677 2.770 4.984 
7.385 5.663 2.053 2.367 4.809 
7.879 5.552 2.667 2.667 4.970 
7.788 5.524 2.616 2.738 5.004 
























































The chemical shifts (in ppm) were measured at 25 °C with an uncertainty of 土0.002 ppm. 
50 
Appendix II: Proton chemical shift values of TmlA-oligo*" 






























7.659 5.777 2.008 2.423 4.712 
7.965 5.897 2.658 2.733 4.974 
7.342 5.643 1.814 2.176 4.741 
8.256 5.566 2.693 2.693 4.960 





























































The chemical shifts (in ppm) were measured at 25 °C with an uncertainty of 土0.002 ppm. 
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Appendix II: Proton chemical shift values of TmlA-oligo*" 



















5.937 7.678 5.786 2.036 2.441 4.722 
7.991 5.986 2.689 2.767 4.994 
5.466 7.383 6.071 1.869 2.306 4.806 
5.675 7.535 5.109 2.076 2.189 4.743 
7.928 5.512 2.804 2.804 5.002 
7.796 7.903 5.892 2.360 2.610 4.971 
6.978 5.580 1.748 2.086 4.797 
7.981 4.986 2.649 2.445 4.836 
8.074 8.058 5.871 2.255 2.255 4.566 
8.046 8.054 6.275 3.091 2.952 4.829 
5.861 7.678 5.600 2.225 2.318 4.786 
1.654 7.443 6.123 2.213 2.523 4.910 
5.741 7.665 5.922 2.323 2.415 4.915 
8.222 8.280 6.116 2.402 2.863 4.988 
7.981 5.545 2.590 2.590 4.950 
5.466 7.336 5.843 1.896 2.356 4.826 
7.934 6.143 2.604 2.363 4.670 
a The chemical shifts (in ppm) were measured at 25 with an uncertainty of 士0.002 ppm. 
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